Abstract -Shielding effectiveness is a major problem to prevent electronic products from emission and radiation. This paper is written to present the measurement of shielding effectiveness (SE) and S 21 for such enclosure at frequencies below 1GHz. The measurement results indicate that a wire or cable penetrating into an enclosure has impact to the shielding effectiveness. The coupling between a wire penetration and a detector inside the enclosure show good agreement between experiment and simulation. The different length and direction of a wire penetration were used to interpret the theory. All results indicate the same resonant frequency approximately 707.1MHz for a 300 x 120 x 300 mm enclosure.
Introduction
Electromagnetic interferences are an emerging issue for electric utilities and those who use electronic equipment. The increasing numbers of ingenious invention-antennas, plus the variations of the connectors and ventilation worsen the shielding effectiveness.
The best enclosure design ideally has no opening to avoid electromagnetic radiation and interference to the circuit in the enclosure. However, enclosures without perforations are far-fetched because in reality, an enclosure needs ventilation, cable or wire penetration, and etc. Therefore, the effects of aperture and wire penetration must be taken into account to ensure sufficient shielding for achieving electromagnetic compatibility.
Most of the previous works in this area concentrated on the coupling of electromagnetic fields to the interior of an enclosure through wire penetration [1] - [4] . Other researchers concentrated on analysing shielding effectiveness (SE) of the enclosure with aperture alone [6] . In this paper, we present the effects of both aperture and wire penetration to the SE of a rectangular enclosure.
1-4244-1435-0/07/$25.00©2007 IEEE Numerous approaches have been reported in the literature [1] - [6] to compare the measurement results and the theoretical of the SE and coupling between wires inside a rectangular enclosure. The main theoretical methods are: (a) rigorous solution of the electromagnetic boundary problems by analytical means [5] ; (b) numerical electromagnetic modelling [5] ; and (c) approximate formulae [5] . The approximate formulae method provides quick solutions that are easily interpreted but accurate quantitative results may be difficult to obtain [5] . In [2] , [3] , a numerical electromagnetic modelling method, either in the frequency or time domain had been developed for comparison. This method involves relatively simple algorithms, deals with very general shapes and contents, but requires relatively large amount of computer memory and computation time to give reasonable accuracy [5] . Most of the paper indicates that the shielding effectiveness (SE) for small aperture is better than large aperture. Besides that, the comparison between measurement and theoretical for each paper [1] 
Experimental Set-Up
All measurements were conducted in a Gigahertz Transverse Electromagnetic (GTEM) cell. A rectangular metallic enclosure with a dimension of 300 x 120 x 300 mm was used for all measurements. A probe was located at the centre of the top enclosure to sense the electric field in the enclosure. In these measurements, ferrites were placed along the cable to filter out high frequency components in the outer shield of the coaxial cable. This is the common mode current which causes interference and affects the measurement results.
The measurements were divided into four different situations. First, the shielding effectiveness for two apertures of sizes 120 x 4 mm and 150 x 50 mm was measured. The apertures were formed into removable plates and were tightly screwed and shielded with a shielding tape to ensure a good contact at the joints as shown in Figure 1 . Furthermore, both the apertures were located at center of the enclosure. The second measurement considered only the effects of a wire penetration into the enclosure; thus S 21 was measured to analyze the effects of the coupling between two wires in an enclosure. The input signal (port 1) from network analyzer was directly injected into point A as shown in Figure 2 . The first wire (at point A) was located 115 mm from the center. The second wire (point C) was connected to port 2 of a network analyzer.
From
To port 2 port 1 network Network analyzer analyzer. The third measurement was on the SE of an enclosure having both aperture and wire penetration. A small aperture with size 120 x 4 mm was formed into removal plates and was tightly screwed and shielded with a shielding tape to ensure good contact at the joints. The external wire A was 7 cm long while the internal wires B and C were 5 cm and 6 cm respectively. All wires are 0.05 mm in diameter and located along the center line of the box. The A and B wire were located at 115 mm from the center. The third wire C was located at the center of the lid. Apertures with two different sizes were located at the front of the enclosure.
The fourth measurements considered only the effect of the wire penetration with different position. Both horizontal wire and vertical wire were terminated with 50 ohm. The input signal (port 1) from network analyzer was directly injected into point A as shown in Figure 3 . All measurements were conducted in GTEM cell as well to avoid interference from ambient signal in the environment as shown in Figure 4 . 
Results and discussions
The first step in the study of this experiment is to analyze the effect of an aperture, cable or wire penetration into an enclosure and coupling between radiator and detector.
Shielding Effectiveness (SE) for Enclosure
with Aperture Only. Figure 5 and Figure 6 represent the results of SE for enclosure with aperture only. Apertures with two different sizes; 120x40mm for small aperture and 150x50 mm for large aperture were used in the measurement. Comparison with simulation using commercial software, microwave studio is also shown. It can be seen that there is a good agreement between the simulation and the experimental results above 300MHz. However, in other respects, the result for low frequency (below 300MHz) are masked by the noise of the threshold, noise of the input and the output cable from GTEM and the length of the cable.
It is visible that small aperture is better for an enclosure design because it has an overall higher SE than large aperture. 
S 21 for Enclosure with Wire Penetration
Only.
S 21 was measured to show the effect of coupling external and internal wires in an enclosure. It is clear that S 21 increases with frequency until it reaches a peak at 707.1 MHz indicating resonance as shown in figure  7 . The resonant frequency depends on the size of an enclosure and it has the same value in all measurement due to the similar sizes of the enclosure. Figure 8 shows the S 21 for coupling between wire penetrations with five different lengths of the internal receiver or wire detector. The shorter wire gives smaller S 21 which indicates that the shorter wire is better than longer wire because it has least efficiency coupling by the external field. Besides that, the longer wire has impact on the resonant frequency which will change the resonant frequency from approximately 707.1 MHz to 587MHz. This unstable signal occur as shown in Figure 8 because longer wire has more effects on capacitive, inductive, and reflection in the enclosure. In addition, longer receiver wire will generate two resonant frequencies in the range from 0 to 1 GHz. 
Shielding Effectiveness for Enclosure with Aperture and Wire Penetration.
Generally the SE of a small aperture with a wire penetration is higher than large aperture with a wire penetration as show in a Figure 9 and Figure 10. Consequently, the enclosure with small aperture and shorter wire penetration is better in enclosure design. However, from Figure 11 , the SE for an aperture with wire penetration is lower than with aperture only. These results indicate that the wire penetrate into the enclosure has impact on the SE. Enclosures without wire penetration are obviously have better SE. However in real situation, enclosures without wire penetration are impracticable due to the fact that cables are needed for the operation of the equipment. Hence, it is advisable to attach EMI filter to all cablings in order to remove unwanted external and internal noise from entering and leaving the enclosure. Figure 12 shows the SE for enclosure with small aperture (120 x 30 x 4 mm) and various lengths of wire penetrations based on result done by simulation. Varying the length of the external wire (A) resulted has no change to the SE of the enclosure. This indicates that external cable length does not influence the performance on the enclosure as a shielding mechanism. Further work needs to be done on this matter including performing measurement and analytical formulation. Figure 13 shown the comparison between vertical wire penetration and horizontal wire penetration. The result indicate that S 21 for the horizontal wire penetration small than the vertical wire penetration. The position of the radiated wire (vertical) affected the results because maximum radiated wave will capture by a vertical wire penetration. Besides, the horizontal wire penetration only capture and measure the minimum power radiated.
Shielding Effectiveness at Various Lengths of Wire Penetration

Shielding Effectiveness with a Difference Position of Wire Penetration
Both positions indicate almost the same resonant frequency approximately 707.1 MHz. However, for horizontal wire, the graph decreased rapidly from approximately 830 MHz to minimum value 920 MHz and declined dramatically from 920 MHz to 980 MHz. This resonant occur because of the position of the wire, capacitance effects, inductive, and reflected wave inside an enclosure. The comparison only can be made above 300 MHz because in other respects, the result for low frequency (below 300MHz) are masked by the noise of the threshold, noise of the input and the output cable from GTEM and the length of the cable. The resonant frequency are same for both results approximately 707.1 MHz. Unfortunately, for without terminated with 50 ohm, there is unexpected resonant occur between 850 MHz and 950 MHz and will be affected the accuracy of the results.
Conclusions
In this paper the results on shielding effectiveness (SE) of a rectangular metallic enclosure having aperture and penetrating wire have been presented. Comparisons with simulation results were shown to provide reasonable level of confidence on the measurement techniques. Based on our findings, it is clear that apertures and wire penetrations reduce the SE of an enclosure. Large aperture should be avoided in favor of many but smaller openings. Wire penetration served as transmission line for conveying unwanted external signal into the enclosure. As such, EMI filters should be installed along these wires. Simulation results indicate that external signal from the penetrating wires coupled relatively efficient to longer conductors in the enclosure. This suggests that circuit inside an enclosure should be as short as possible to avoid being an efficient received antenna. Besides that, it is also shown that the length of penetrating wire has no impact on SE of the enclosure. Furthermore, each of the penetrating wire must terminate with 50 ohm in order to make sure the accurate result occur when works with rectangular enclosure. The findings in this paper can be useful for designing an enclosure which has apertures and wire penetration.
